Metal-organic frameworks (MOFs) materials have aroused great research interest in different areas owing to their unique properties, such as high surface area, various composition, well-organized framework and controllable porous structure. The results indicate that the Co@NPC-900 can afford an onset potential of 1.50 V (vs.
have been a class of ideal materials for different applications ranging from catalysis [1] , gas storage [2] , gas separation [3] , optics [4] and so on [5] [6] [7] [8] owing to their many unique properties, such as high surface area, diverse composition and controllable porous structure [9] . Thanks to the superiority of composition and structure, MOFs has been ideal precursor materials to fabricate non-precious metal incorporated porous carbon materials for electrocatalysis applications [10] . Additional advantage is that heteroatom (e.g., N)-containing organic ligands in MOFs structure simultaneously act as heteroatom doping sources in the process of pyrolysis carbonization, improving the catalytic activity of pyrolytic sample [11] . Although MOFs materials have demonstrated great applicable potential in many fields, MOFs materials in most studies are almost exclusively synthesized at nanoscale to precisely tune the pore structure for gas adsorption and separation applications [2] [3] [4] . Such nanoscale MOFs materials may limit their large-scale practical applications in some fields (e.g., catalysis [1] , electrocatalysis [11] ). Therefore, it is still highly desirable to synthesize macroscale MOFs materials with intact crystalline structure and precisely regulated pore structure as precursors for electrocatalysis applications.
Developing oxygen electrode catalysts with high activity at low cost for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) is at the heart of key renewable-energy technologies, such as regenerative fuel cells, rechargeable metal-air batteries, electrocatalytic water splitting to generate hydrogen and oxygen, and other important clean energy devices [12] . Up to now, precious metals (e.g., Pt) and metal oxides (such as RuO2 and IrO2) have been traditionally used to expedite the ORR and OER; however, these precious-metal-based catalysts often suffer from high cost, low selectivity, and poor stability, thus limiting their large-scale production applications [13] . More importantly, it is found that Pt-based catalysts possess superior ORR activity, but poor OER activity, while RuO2 and IrO2 can afford excellent OER activity, but very low ORR activity [14] . Therefore, these commercially available catalysts cannot meet the requirements for practical applications in regenerative fuel cells and rechargeable metal-air batteries, in which electrocatalysts with bifunctional oxygen activities (ORR/OER) are necessary. Recent efforts to obtain replacements for precious metal-based catalysts for bifunctional ORR/OER have resulted in some new contenders, such as heteroatom (e.g., N [15] [16] [17] [18] [19] , S [20] , P [21] ) doped/co-doped carbon materials and non-precious metal based porous carbon materials [22] . In their studies, on the one hand, heteroatom doping/co-doping and non-precious metal species in carbon structures can provide rich catalytic active sites for ORR/OER [18] ; on the other hand, carbon materials in their works possess high surface area, porous structure and high graphitization degree, favourable for the exposure of catalytic active sites, electrocatalysis-related mass transport and electron transfer, respectively [20] . Collectively, these advantages contribute their good bifunctional ORR/OER catalytic activities. Even so, most reported synthetic procedures of these bifunctional ORR/OER catalysts suffer from extremely complex process and time-consuming fabrication. Therefore, development of low-cost and highly-efficient non-precious metal catalysts with bifunctional ORR/OER catalytic activities is still highly needed for applications in related renewable energy technologies. Chemical Reagent Co., Ltd, >99%), ruthenium (IV) oxide powder (RuO2, SigmaAldrich), Nafion® 117 ~ 5% in lower aliphatic alcohols and water (Sigma-Aldrich) and potassium hydroxide (KOH, J. T. Baker). Deionized water (18 MΩ) was supplied by a Millipore System (Millipore Q, USA).
Preparation of Co-MOFs and Co@NPC-T (T=800, 900, 1000)
A mixture of Co(NO3)2·6H2O (1.0 mmol, 0.291 g), H3BTC (0.5 mmol, 0.105 g), TEA
(1.0 mL) was first dissolved in 4.0 mL of nonanoic acid, and then transferred into a 23 mL of Teflon-lined stainless-steel autoclave. The solvothermal reaction was performed at 160 °C for 5 days. Then, the autoclave was naturally cooled to room temperature and the product was collected and washed with methanol to obtain purple-black bar Co-MOFs crystals with a yield of 85%. The as-prepared Co-MOFs were used as precursors and pyrolytically treated at different temperatures (T=800, 900, 1000) in a tube furnace in N2 atmosphere for 1 h with a heating rate of 5 °C min -1 to obtain metallic Co nanoparticles embedded in N-doped porous carbon layers (Co@NPC).
Characterizations
The crystalline structures of samples were identified by X-ray diffraction analysis (XRD, Philips X'pert PRO) using Ni filtered monochromatic Cu Kα radiation (Kα= 
Electrochemical measurements
Electrochemical measurements were performed on an electrochemical workstation (CHI 760D, CH Instruments, Shanghai, China) coupled with a PINE rotating disk electrode (RDE) system (Pine Instruments Co. Ltd. USA). A standard three-electrode electrochemical cell equipped with gas flow system was employed during measurements. Prior to measurements, rotating disk electrode (RDE, 5. 
where j, jK and jD corresponds to the measured, kinetic and diffusion limiting current, respectively, B is the slope of K-L plots, ω is the electrode rotating angular velocity (ω=2πN, N is the linear rotation speed), n is the electron number transferred, F is the for 1000 cycles. All the potentials reported in this study were all quoted against the Reversible Hydrogen Electrode (RHE) using eqn (4) [24] .
Result and discussion
The crystalline X-ray diffraction (XRD) patterns of as-prepared Co-MOFs and Co@NPC-T (T=800, 900, 1000) are obtained by XRD characterization technique.
The XRD patterns of as-prepared Co-MOFs are found to be in perfect agreement with the simulated Co-MOFs crystal structure ( Figure 1a ) [5] . Figure 1b shows the XRD patterns of Co-MOFs derived Co@NPC samples obtained at different pyrolysis temperatures. As shown, the diffraction peak at 26.6° corresponds to the (002) plane of graphitic carbon (JCPDS 13-0148) [25] , while the other diffraction peaks at 2θ=44.2°, 51.5° and 75.8° can be indexed to the (111), (200), and (220) crystal planes of metallic cobalt phase (JCPDS 15-0806), respectively [26] . The N2 adsorption-desorption isotherm and the corresponding pore-size distribution curve of compounds (Co-MOFs, Co@NPC-900) are shown in Figure 3 .
As shown in Figure 3a , the sample exhibited type I isotherms in N2 adsorption isotherms at 77K with no hysteresis, and the BET surface area of Co-MOFs was 11.8 m 2 g -1 with a corresponding cumulative pore volume of 0.05 cm 3 g -1 , respectively. The reason for the smaller BET surface area of Co-MOFs is that triethylamine is filled with holes in the crystal structure of Co-MOFs. The pore size is concentrated at 1.9 nm distribution curve is calculated by using the BJH method (Figure 3b) , indicative of permanent microporosity and found to be agreement with the Co-MOFs crystal structure, respectively. The N2 adsorption-desorption isotherm exhibits the type IV with a H3-type hysteresis loop (P/P0>0.4) [28] , demonstrating the mesoporous characteristic of Co@NPC-900 (Figure 3c ). The pore size distribution curve is also calculated by using the BJH method, as shown in Figure 3d . As a result, the pore sizes are mainly concentrated at 1. Figure 5f shows the stability test of Co@NPC-900 and commercial Pt/C catalysts. As shown, a respectable current retention of 90% can be maintained for Co@NPC-900 after 8 h, while only 70% of activity of commercial Pt/C catalyst can be achieved, indicating high applicable stability of Co@NPC-900. N doping in graphitic carbon structures has been theoretically and experimentally proven to be responsible for ORR activity of an electrocatalyst [20] . Recently, some studies have demonstrated that transition metal (e.g., Fe, Co, Ni) active species embedded in graphitic carbon structures can effectively influence the charge distribution of outer carbon layers, thus improving the ORR activity [15, 35, 36] . In this work, the good ORR activity of Co@NPC catalysts derived from Co-MOFs may be ascribed to a synergistic effect between ORR active species of N doping and metallic Co nanoparticles in graphitic carbon layers and advantageous structure factors of high surface area favourable for the catalytic active sites exposure, porous structure beneficial for ORR-related mass transport, and graphitic carbon structure to improve electron transfer. reported, the potential required for water oxidation is usually applied to evaluate the OER performance at the current density of 10 mA cm -2 [38, 39] . As shown in Figure   6a , the current density of Co@NPC-900 and Co@NPC-1000 reaches 10 mA cm To best our knowledge, the bi-functional catalytic activity was calculated by taking the difference in potential between the ORR current density at -3 mA cm -2 and OER current density at 10 mA cm -2 , current density is of practical importance for electrochemical applications [40] . The smaller the difference, the better is the potential of the material to be used for practical applications [41] . The oxygen electrode activities are shown in Table 1 . When compared with similar non-precious metal catalysts prepared by other routes, our catalysts afford an oxygen electrode potential with more improved catalytic activity than or similar to recently reported N-MCN/CNT (nitrogendoped mesoporous carbon nanosheet/carbon nanotube) [42] and NGM (nitrogen-doped graphene mesh denoted as NGM) [43] and Co9S8@CNS900 ( Co9S8@N and S dual-doped porous carbons) [44] and Co-MOF@CNTs (5%) [45] . More importantly, the substantial improvements in regard to both ORR and OER catalysis illustrate the effectiveness of the simple preparation technique adapted in this work to prepare bi-functional catalysts for rechargeable metal-air batteries. 
